This paper investigates the effect of bonding pressure, overlap length and adherent thickness on the strength and failure load of the single-lap joints of dissimilar materials (GFRE composite and aluminum). Eighteen groups of joints made of glass fiber epoxy composite laminates and Al have been manufactured. The stacking sequences [0/±45/90] and [0/±45/90]s were used to manufacture 2 mm and 4 mm thick GFRE composite laminates, whereas Al thickness was 1.5mm and 3mm. In all cases, the CY219 adhesive thickness was 0.12 ±0.02 mm, and the specimen width was 25mm. Besides, various values of bonding pressure [1, 2, 3, 4, 5, 6 atm.] were applied.
INTRODUCTION
Glass and carbon fiber-epoxy composite materials have been used in advanced engineering structures such as spacecraft, aircraft, automobiles, transmission shafts and robot structures, because of their high specific stiffness and strength, and high wear resistance. Mechanical joints such as bolted, pinned, or riveted joints (both in metal and composites) are most common. They are quite simple and suitable for disassembly. Mechanical joints, however, inherently result in micro and/or local damage of the composite laminate during the manufacturing process. Consequently, strength degradation of the structure is induced. On the other hand, adhesive bonding is another joining method that is increasingly being utilized and it's a very comfortable method of joining two materials with different stiffness like metal and composite [1] [2] [3] . The major advantage of adhesive bonding is that fastening holes and fasteners, which are a source of stress concentration and weight increase, are no longer necessary. As a result, the stress distribution in adhesively bonded joints is relatively uniform compared to that in mechanical joints. However, adhesive bonding has some disadvantages; because they are difficult disassembly, sensitivity of the bonding strength to environmental factors, such as temperature and humidity, and high cost of surface preparation, as well as the low inter-laminar strength of composite adherend [4] [5] . It has been shown [5] [6] that, the bond strength between composite and metallic structure is significantly affected by the surface preparation of the composite and metallic structure. Design of adhesively bonded joints with composite adherend is also known to be difficult, due to a lack of suitable failure criteria and the low interlaminar strength of composite adherend. Singlelap bonded joints have been studied through experimental and numerical approaches [7] [8] [9] . The stress and strain distributions across the adhesive thickness in composite single-lap joints was studied [10] . They indicated that, both tensile peel and shear stresses at the bond free ends changed significantly across the adhesive thickness. Single-lap bonded joints with cross-ply adherend were examined [11] . It has been shown by numerical analysis that, the surface layer orientation influenced the failure mode and strength. They also showed that, the failure load increases with increasing the ratio of the overlap length to adhesive thickness. On the other hand, the influence of the bonding method on failure mode and strength of composite single-lap bonded joints was studied [12] . The failure strength was not always proportional to the adhesion strength of the adhesive. Fatigue behavior and damage of joints were also investigated [13] [14] [15] [16] [17] . Different methods to predict the failure loads of single-lap joints have been investigated [18] [19] [20] . The composite-to-aluminum joints in terms of their stiffness behavior due to fracture was studied [21] . A theoretical model was proposed to predict both the maximum stiffness of joints and the rate of stiffness loss with crack growth. They reported that, flexible adhesives significantly delay crack initiation and final failure. Shin and lee [22] performed a three dimensional finite element analysis considering thermal load of co-cured single lap and double lap bonded joints without any additional adhesive. The predicted failure load of single lap bonded joints by the Ye-criterion was in good agreement with experimental results. However, applying the Tsai-Wu criterion was better for double lap bonded joints.
The main objective of this work is to investigate the influence of the bonding pressure, the overlap length, and the adherent thicknesses on the failure load and failure mode of single lap bonded joints of dissimilar materials (GFRE composite and aluminum).
EXPERIMENTAL WORK

Specimen Preparation
Eighteen groups of test specimens have been prepared, each of which consisted of five specimens. First six groups were made under six different bonding pressures (1, 2, 3, 4, 5, and 6 atm.) using a constant overlap length b = 20 mm, and constant thicknesses of aluminum and composite, ta= 1.5 mm and tc = 2 mm, respectively. Second six groups were prepared using various overlap lengths b (15, 20, 25, 30, 35 , and 40 mm) at a constant bonding pressure p = 4 atm. Last six groups were designed to study the effect of adherent thicknesses by increasing ta from 1.5 to 3 mm and tc from 2 to 4 mm. Two different stacking sequences [0/±45/90] and [0/±45/90]s were used for glass fiber reinforced epoxy (GFRE) composite. The composite laminates with 2 and 4 mm thickness were fabricated using hand lay-up technique. The stacking sequence [0/±45/90] was used for thin specimens (2mm) while the stacking sequence [0/±45/90]s was used to manufacture thick specimens (4mm). The thickness of aluminum was 1.5 mm and 3mm, for thin and thick specimens, respectively. The brittle adhesive material CY219 epoxy was used to bond aluminum and composite. A typical test specimen's configuration and manufacture are shown in Figs.1, 2 where the overlap length between the composite-to-aluminum plates is denoted as "b" and the thickness of the aluminum and composite are denoted as "ta" and "tc", respectively. The configuration is based on the ASTM standards D1002-01 for metal-to-metal single-lap joints, and D5868-01, which is intended to complement D1002-01 and extends the application to composite-tocomposite single-lap joints. Detailed dimensions of the specimens are given in table 1. The width of all specimens was 25 mm. The experimental program included eighteen groups, Table 1 , each of which consisted of five test specimens. To study the effect of bonding pressure, the first six groups were prepared under different bonding pressures (1 to 6 atm.) controlled directly in an autoclave. The overlap length was 20 mm, while the thickness of aluminum ta was 1.5 mm, and that of composite tc was 2 mm. To investigate the influence of overlap length on the failure load and strength of bonded joints, the second six groups were of different overlap lengths 15, 20, 25, 30, 35 and 40 mm. The bonding pressure was 4 atm., while ta and tc were the same as for the first six groups. The last six groups were designed to study the effect of adherent thicknesses by increasing ta from 1.5 mm to 3 mm and tc from 2 to 4 mm. The overlap length varied as in the second six groups. In all cases, the adhesive thickness was in the range 0.12 ± 0.022 mm. The bonding surface areas have been, first, ground using abrasive papers, then cleaned with acetone. The composite was then bonded with the aluminum plate using CY219 epoxy adhesive (youngs modulus equal 3.4 GPa and tensile yield strength equal 34 MPa} and cured at a room temperature.
Tensile Testing
Test specimens have been subjected to tensile loading using a universal testing machine until fracture at room temperature. The machine crosshead speed during all tests was 2mm/min. Five specimens were tested for each test condition and the average value was used for plotting the different relationships.
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RESULTS AND DISCUSSION
Effect of Bonding Pressure
Load displacement diagrams for groups 1 to 6 under various bonding pressures (1, 2, 3, 4, 5, 6 atm.), at constant values of Al and composite thicknesses and overlap length, are illustrated in Fig.3 . The relation between the applied load and displacement is, in general, nonlinear. Besides, the maximum strength and failure load increase with increasing the bonding pressure. The joint strength and failure load are plotted against the bonding pressure at ta = 1.5, tc = 2, and b = 20 mm., as shown in Fig.4 . The figure indicates that, the joint strength and failure load increase effectively with bonding pressure p up to 4 atm. At higher pressures, the rate of increase becomes lower. Hence, 4 atm. is considered appropriate for present work.
Effect of Overlap Length
The load-displacement diagrams of the second six groups with various overlap length (15, 20, 25, 30, 35 , and 40 mm) are plotted in Fig.5 . Group7 with 15 mm overlap length shows an approximately linear relationship up to failure load, then the load drops suddenly. This is similar to previous observation [12] for composite-tocomposite single-lap bonded joints of 20 mm overlap length. The maximum failure load and the maximum strength for group 7 are about 4.5 KN and 12 MPa, respectively. On the other hand, specimens of overlap lengths greater than 15 mm (groups 8 to 12) show linear load-displacement relationships in the first part followed by nonlinear relationships. Seong et al. [2] have indicated that, the plastic deformation of aluminum was responsible for the nonlinear behavior of the load-displacement curve.
Group 1 Bonding thickness: 0.11 mm
Bonding pressure 1 atm ta=1.5 mm,tc=2mm Overlap: 20 mm. The bonded joint strength and failure load are plotted against the overlap length, as shown in Fig. 6 . The figure indicates that, the joint strength decreases and the failure load increases with increasing the overlap length. Moreover, it is also shown that, the failure load is not linearly proportional to the overlap length. The increase of failure load diminishes with increasing the overlap length, until it becomes negligibly small.
The edge of the bonded area plays a more important role in transferring the external load compared to the inner bonded area. Although the overlap length is increased, the edge area of the bonded area does not vary; hence, the carried load does not change substantially. This suggests that, increasing the overlap length to obtain a higher failure level for a bonded joint is efficient only within a limited range 
Effect of Adherent Thickness
The effect of the adherent thickness has been investigated by increasing the aluminum adherends thickness from 1.5 mm to 3 mm and the composite adherent thickness from 2 mm to 4 mm. Figure 7 shows the load-displacement curves of thick specimens of groups 13 to18, with various overlap lengths (20, 25, 30, 35 , and 40) and adherent thickness (t c = 4mm, t a = 2mm). In all cases, the relation between the applied load and displacement is approximately linear up to the maximum failure load, and drops suddenly at failure. The joint strength is plotted against the overlap length, as shown in Fig. 8 . It is obvious that, the strength of a thick joint is 11-25 % higher than that of a thin joint. 
